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Abstract: In this paper, we present a novel process of creating hexahedral
meshes for the turbomachinery secondary air system. The meshing process is
automated from the geometry import to the mesh setup and requires minimum
human interventions. The core of the process is a hexahedral meshing algo-
rithm with a boundary layer mesh automatically created. The hex meshing
algorithm combines the pave-sweep, general sheet-insertion and a novel tech-
nique which creates the boundary layer mesh by carefully placing, maintaining
and dicing a buffer layer around a geometry. After the mesh is created, rele-
vant boundary conditions for the mesh are also assigned automatically. The
whole meshing process is systematically automated and has the potential to
considerably reduce the time cost in meshing the turbomachinery secondary
air system.

1 Introduction

Computational Fluid Dynamics (CFD) has found wide applications in the tur-
bomachinery industry. Over the years, turbomachinery CFD has reached the
stage of embracing simulations of real 3D geometries for design purposes [1, 2].
This has posed great challenges to geometry modeling, mesh generation and
flow solvers. Within the design environment numerous design variations need
to be evaluated in a timely manner, this requires that geometries are con-
venient to edit and mesh generators are able to respond to the changes in
geometries quickly, create the mesh rapidly and set up the mesh as auto-
matically as possible. The purpose of this paper is to present our effort of
addressing these needs.
The meshing process can be divided into three sub-processes:

e Geometry extraction and cleanup
e Mesh generation
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e Mesh setup

Geometry models are normally represented explicitly by boundary repre-
sentation(BREP), such as NURBS patches, edges, etc. BREP is widely used
in CAD systems and is a standard input to numerous mesh generators for
CFD, such as ANSYS ICEM CFD, GAMBIT, etc. However, typical BREP
geometries are frequently ”dirty” due to numerical problems, imprecise de-
sign or data exchange issues, which requires a considerable amount of effort
to clean up so that mesh generators can perform satisfactorily. Furthermore,
the geometries might have heterogeneous sources, and this could lead to dif-
ficulties in modifying the geometries and possibly introduce inconsistencies.
Last but not the least, BREP is simply a collection of geometrical entities
and unable to automate the mesh setup process, e.g. by aiding the automated
assignment of boundary related conditions. Therefore, a favorable geometry
should be inherently clean, easy to import and edit, and facilitate the mesh
setup. For this purpose, we have recently developed a system for representing
the geometries of complex assemblies such as turbomachinery in a way which
facilitates the construction of new and possibly unorthodox configurations
from scratch whilst facilitating the automation of analysis procedures [1].

The most common types of elements created by 3D automatic meshing
algorithms are tetrahedron [3, 4, 5] and hexahedron. Hexahedral elements
are generally preferred due to their efficiency and accuracy in the compu-
tational process [6]. Currently there are several popular hexahedral meshing
algorithms, such as the multi-block structured method [7], the octree-based
method [8, 9] and the pave-sweep method [10]. Among them, the pave-sweep
method can produce high quality, body-fitted, topologically conformal hexa-
hedral meshes and close to the boundaries the mesh contours can be aligned
with the boundary contours satisfactorily. Augmented with general hexahedral
sheet (hex sheet) insertion methods [11], the pave-sweep method is capable of
producing high quality hex meshes for complicated 3D geometries. For CFD
the generation of a boundary layer mesh close to viscous walls is necessary
in order to capture the high gradient close to the walls. For the multi-block
structured method, mesh lines are clustered to viscous walls by solving partial
differential equations [12] but this is only limited to relatively simple geome-
tries. Even though the octree-based method is able to create the boundary
layer mesh for a wide class of geometrises by the level-set method [9], the
mesh contour outside of the boundary layer mesh normally does not follow the
boundary contours. For the pave-sweep method, the sheet insertion method
can be used to create a boundary layer mesh but there are few papers pre-
senting a detailed approach of automatically creating a boundary layer mesh
for a 3D geometry.

Mesh setup is normally not considered as part of the meshing process. How-
ever, if considering the complex turbomachinery secondary air system(SAS),
one could spend a large fraction of time to set up the mesh. One needs to
identify which part of the geometry is a free-stream boundary, which part is
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rotating at what speed, which part is stationary, etc. This process is tedious,
time-consuming and error-prone. Furthermore, within a design environment,
once the geometry is modified and meshes need to be rebuilt, all the proce-
dures need to be repeated. Therefore, mesh setup should also be automated
and considered as part of our meshing process.

Despite the advances in hex meshing algorithms, there is a lack of a sys-
tematic and automated meshing process which creates a quality hexahedral
mesh with a boundary layer mesh and facilitates the SAS design. The re-
search described herein is to meet this need. In this paper, we present a hex
meshing process which is automated from geometry import to mesh setup.
The core of the process is a hex meshing algorithm which is based on the
pave-sweep and general hex sheet insertion methods. A boundary layer mesh
is also automatically created by dicing a 3D buffer layer.

The rest of the paper is organized in the following manner: section 2 briefly
explains the geometry database we have developed recently, section 3 gives the
outline of the meshing process, section 4 demonstrates the method to extract
a cavity from our geometry database, section 5, 6, 7 and 8 illustrate the hex
meshing algorithm to create a quality hexahedral mesh with a boundary layer
mesh, section 9 shows an example mesh generated by the meshing process and
conclusion and future work follow in section 10.

2 The General Assembly

The current work is conducted within our Virtual Engine(VE) environ-
ment [1], which is an objected-oriented design and analysis systems for gas
turbines and can conduct both low-fidelity and large-scale high-fidelity sim-
ulations. The design of VE is based on abstraction and it adopts tree-like
geometrical features and a tree of functional models. For the geometrical fea-
tures, which is termed the General Assembly(GA), its purpose is to develop a
system for representing the geometries of complex assemblies in a way which
facilities the construction of new and possibly unorthodox configurations from
scratch and, at the same time, facilitates the automation of analysis proce-
dures. The geometry is represented in a parametric way, so as to allow changes
in one component to be propagated through the assembly whilst maintaining
mechanical and kinematic consistency. In support of high-fidelity analysis, the
system can turn the parametric description of an assembly into a set of geo-
metric primitives in 2D and 3D by Boolean operation, such as polygons and
polyhedra respectively.

We describe the whole engine as a generic feature and consider its main
components, the spools and dressing as its child features; each blade is treated
as a child feature of the spools; all the mechanical parts that are associated
with the blades are considered as child features of the blades, and so on.
Therefore, starting at the root, namely the engine, we populate the feature
tree all the way down to every detail of an engine, this is illustrated in Figure 1.
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In order to represent the SAS, special types of features are made to represent
orifices, holes,slots etc. These features modify the basic geometry of the engine
components by removing material, hence creating fluid connection between
different parts of the assembly. All the geometric primitives describing the
geometry of an engine are tagged with unique identifiers, this allows every
line or surface to be associated with a feature and facilitate the automation of
the meshing process as well as automatic attribution of boundary conditions
and boundary treatments.
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Fig. 1. Assembling process for 2D and 3D GA. (a)-(d) illustrate the formation of a
2D GA. (e) shows the 3D GA and (f) illustrates the formation of a 3D fan disc.
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Fig. 2. Illustration of creating a SAS cavity.

Even though the physical shapes of components might change with differ-
ent operating conditions, their nature stay the same(For example, a blade is
always a blade), therefore, it is natural to associate boundary conditions to
geometric features and to recognize that each geometric feature will hold a cer-
tain set of data items but with possible different values at different operating
conditions.

Based on what we have described above, we can see that the GA can be
used with advantages within the meshing process by guaranteing geometric
consistencies, thus removing the need for a geometry cleanup, or by allowing
automatic association of boundary conditions. Therefore, the GA is a well-
qualified candidate for our requirement of being inherently clean, easy to
import and edit, and facilitate the mesh setup.

3 Outline of The Meshing Process

We now illustrate the meshing process by meshing a cavity with connecting
orifices, which represents the most common and general case in the SAS. The
whole process is made up of the following steps:

1. Extract a cavity from the GA.

2. Pave the 2D buffer layer and create an offset boundary for the cavity.

3. Create a quadrilateral mesh in the region enclosed by the offset boundary
of the cavity. Combine the quad mesh with the buffer layer and create a
hexahedral mesh with a 3D buffer layer by sweeping the quad mesh.

4. Graft non-axi-symmetric orifices.

5. Dice the 3D buffer layer to create the boundary layer mesh.
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4 Geometry Extraction

As is described in Section 2, the GA can turn itself into a set of 2D primi-
tives, i.e. polygon. We can then interpret the GA as a mere set of non-self-
intersecting polygons and apply a slitting procedure along a set of selected
lines. The result is a set of polygons which have:

negative areas: these polygons represent air system cavities

positive areas: these polygons always have sides on the walls wet by the
main gas path, the bearing cavities or the engine centerline. These polygons
always correspond to what the air-system sees as boundary conditions.

The basic ingredients for extracting a cavity from the GA are a set of aerody-
namic boundaries, available as a set of lines intersecting the GA polygon and
by selecting different sets of aerodynamic boundaries one can extract a spe-
cific part of the SAS. Figure 3 shows all the cavities extracted by the slitting
procedure and Figure 4 (left) shows the extracted cavity by four aerodynamic
boundaries: 1) FHOLE, 2) FCLR, 3) DHOLE, 4) SHOLE. After the cavity is
extracted, the non-axi-symmetric holes, slots and orifices that are present in
the cavity are temporarily removed. Figure 4 shows the processed cavity and
also shows the physical boundary information associated with the cavity.

Fig. 3. Extracted cavities for a three-shaft engine by the slitting procedure

5 Paving The Buffer Layer

The purpose of the buffer layer is to form several sheets of quadrilaterals
(quad sheets) to capture the boundary and provide the offset boundary. The
method to create the buffer layer is similar to the popular paving algorithm
to create unstructured quadrilateral elements [13] and hence the thickness
of the resulting buffer layer depends adaptively on the local grid spacing on
the boundary. The main difference is that row adjustment, such as wedge
insertion and tuck formation, is suppressed, because we want to avoid creating
unnecessary quad sheets on the boundary so as to enhance the regularity of
the buffer layer and the quality of its resulting boundary layer mesh.
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Fig. 4. Left: Extraction of a cavity. Right: Cavity with removed non-axi-symmetric
holes and boundary information provided by the GA. The Green represents the
metal that is stationary, the blue represents the metal that is rotating with the
intermediate pressure(IP) spool and the red shows axi-symmetric slots.

Similar to the paving method, based on the interior angle(see Figure 5)
on the boundary, each node on the boundary is classified as row end node,
row side node, row corner node and row reversal node, as is shown in Table 1.
Tucks and wedges are inserted only based on the type of a boundary node, row
collision is detected and seaming is also performed to avoid overlapped quadri-
laterals for geometries with small input angles. Figure 5 shows the schematic
of the paved buffer layer and offset boundary based on the boundary node

types.

Table 1. Classification of boundary nodes and corresponding interior angle ranges.

Node type Angle range
Row end node 0°,135°)
Row side node 135°,225°)

[

[
Row corner node [225°,315°)
Row reversal node [315°,360°)

6 Creating Quadrilateral and Hexahedra Mesh

After the buffer layer and the offset of the boundary are created, the rest of
the region is filled with quadrilateral elements. We have chosen to implement
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Fig. 5. Boundary node classification: row side node(Black), row end node(Red),
row corner node(Blue), row reversal node(Green), and their respective templates of
constructing a buffer layer. The grey dash lines represent the quad sheets and the
yellow line represents the offset boundary.

the Q-morphing [14] algorithm, as mesh contours of the resulting quadrilateral
mesh (quad mesh) exhibit a good boundary alignment close to the boundary.
The source triangulation is created by Delaunay refinement with an off-center
point-insertion scheme [15], because it tends to produce fewer elements than a
standard Delaunay refinement or an advancing front method, and the resulting
quad mesh size is correspondingly smaller. The quality of the quadrilateral
mesh is improved by local [16] and non-local [17] topological cleanup followed
by several iterations of angle-based smoothing [18]. A complete quad mesh for
the cavity is then formed by combining the buffer layer and the quad mesh
created by Q-morphing. The resulting mesh is treated as representing the
average projection of the cavity on the meridional plane(X — Z plane) and a
first hex mesh with a 3D buffer layer is created by sweeping the quad mesh
around the X axis, as is illustrated in Figure 6.

7 Grafting Non-Axi-Symmetric Features

In the hex mesh created by sweeping, non-axi-symmetric features are missing
and they are added by grafting. For consistency, we adopt the grafting termi-
nology used in [19], as is summarized in Table 2. Grafting contains three steps:
1) creating conformal graft surfaces, 2) improving the mesh quality inside and
outside graft loops, 3) extruding branches. The methods to make a conformal
graft surface and extrude branches are similar to [19], here we only describe
our method of improving the mesh quality inside and outside graft loops and
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Fig. 6. Schematic of creating a hex mesh by spinning. M is the rotation matrix.

without losing generality, it can be demonstrated by a simple example. as is
shown in Figure 7 (left).

Table 2. Terminology in grafting

Term Description
Trunk A hex mesh where branches are grafted on.
Branch A missing non-axi-symmetric feature.

Base surface A surface mesh on which a branch is grafted on.
Graft surface The intersection of a base surface and a branch.
Graft loop  Boundary edges of a conformal graft surface.

We first define the smallest convex region, {2, on the base surface that is
intersected by a branch. If the trunk is meshed by sweeping, then {2 is repre-
sented by a subset of the structured grid on the base surface, this is illustrated
in Figure 7(right, highlighted by dark red). When the graft surface is made to
be conformal to the branch, (2 is separated into two sub-regions, {2y and {2y,
one is inside the graft loop and one outside the graft loop respectively. These
two sub-regions are treated as two separate shrink sets and two corresponding
hex sheets are then inserted to improve the mesh quality inside and outside
the graft loop. Figure 8(a) shows 2y and the inserted hex sheet to improve the
mesh quality inside the graft loop. Figure 8(b) shows {21 and the inserted hex
sheet to improve the mesh quality outside the graft loop. Figure 8(c) shows the
two inserted hex sheets are inflated after local surface and volume smoothing
and Figure 8(d) shows the final hex mesh for the example geometry.
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Fig. 7. An example geometry for grafting.

As we can see, similar to the typical procedure in grafting, we place a hex
sheet to improve the mesh quality inside the graft loop. However, compared
with typical ways of improving the mesh quality outside the graft loop, which
pillows low quality elements [20] immediately outside the graft loop or insert
a global hex-sheet [11], our approach has several advantages. The 3D buffer
layer, which we have carefully placed, is only subject to local modifications. As
is illustrated in Figure 9(a), the grey dash grey line represents a hex sheet of
the 3D buffer layer and after we insert the two hex sheets, it is not corrupted
and only its curvature is influenced locally close to the graft loop, therefore,
the 3D buffer layer is well preserved. This is a crucial property since the 3D
buffer layer will be used to create the 3D boundary layer mesh. Based on our
observation, only local smoothing is required to improve the mesh quality and
”inflate” the inserted hex sheets, since the trunk is meshed by sweeping, its
mesh quality is presumably satisfactory, expensive global smoothing can be
avoided and local smoothing is sufficient.

Finally, it is worth mentioning that, after we form a branch, the 3D buffer
layer is updated. It erases hexahedra that no longer have at least a face on
the boundary and absorbs the hexahedra in the inserted hex sheets that have
at least one edge or face on the boundary. This is illustrated in Figure 9(d).

8 Creating The Boundary Layer Mesh

After the branches are grafted, the boundary layer mesh can be created by
dicing the 3D buffer layer. In the first place, we define a hexahedron on the
boundary as following:

Definition 1. A hexahedron is on the boundary if it has at least one vertex,
edge or face on the boundary.
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Fig. 8. Illustration of improving mesh quality inside and outside a graft loop. The
hexahedra highlighted in red represent the inserted hex sheet.
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(a) before grafting

(d) extrude a branch

Fig. 9. Sectional schematic of the influence of grafting on buffer hex sheets. The
red dots represent the points on the graft surface. The grey dash lines represent the
buffer hex sheets. The blue dash lines represent the inserted hex sheets to improve
mesh quality.

Based on the number of vertices, edges and faces on the boundary, hexahe-
dra on the boundary are classified into several types and they are diced with
different templates according to their types. Such classification is shown in
Figure 10. After the template for each boundary hex is assigned, the bound-
ary layer mesh can be readily created and the resulting mesh for the example
geometry is shown in Figure 11.

However, in the example shown in Figure 11, all the boundaries are
simply treated as WALL and other physical boundary conditions (such as
FREESTREAM and PERIODIC) are not considered, apart from the target
face of a branch extrusion, which is by default considered as FREESTREAM.
However the physical boundary conditions have considerable effects on the
construction of the boundary layer mesh. If a boundary is PERIODIC or
FREESTREAM, then there is no need to create a boundary layer mesh on it.

In order to take FREESTREAM and PERIODIC boundary conditions
into account, we need to identify them in the first place. Typically this is done
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Fig. 10. Schematic of dicing templates for boundary hexahedra. The red (dash)
lines represent the lines on the boundary.

manually, here we demonstrate this can be achieved automatically with the
help of the GA. The PERIODIC boundaries and FREESTREAM boundaries
for non-axi-symmetric features can be easily identified. The source face and
the target face of the sweep become PERIODIC boundaries and the target
faces of extruding the branches become FREESTREAM boundaries. As is
shown in Figure 4 (right), axi-symmetric slots are identified when the cavity
is extracted, and for the WALL boundaries, they are identified and assigned to
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sectional view

Fig. 11. Hex mesh with a boundary layer mesh for the example geometry.

a relevant spool automatically by the GA. When a non-axi-symmetric orifice
is grafted on a WALL, a new WALL boundary patch is formed apart from the
target face of the extrusion. Based on mechanical consistency, the associated
spool for the new WALL patch is forced to be the same as the spool the graft
surface is associated to.

After physical boundary conditions are identified, the boundary hex types
are re-evaluated based on the number of vertices, edges and faces on the WALL
boundary. The boundary layer mesh is then updated by shifting the boundary
hex types. As is shown in Figure 12, a B3 can shift to B2, a B2 hexahedron
can shift to B1, a B5 can shift to B4 and a B1 can shift to a B4.

9 SAS Example

Figure 13 shows the sectional view of the hex mesh(734830 nodes and 713375
hexahedra) with a boundary layer mesh for the extracted cavity(Figure 4).
From Figure 13, we can see on the PERIODIC and FREESTREAM bound-
aries no boundary layer mesh is created, and the thickness of the boundary
layer mesh is also adaptive to the local grid spacing on the boundary.

The mesh quality depends heavily on the quality of the quad mesh on the
source face, the aspect ratio of the surface grid on base surfaces and the grid
spacing along the direction of branch extrusions. The quality of the source
face is determined by the Q-morphing algorithm, the aspect ratio of the base
surface can be improved by controlling the number of copies in the sweep, and
a smooth transition of mesh sizes from the trunk to branches can be easily
achieved by automatically sampling the thickness of the buffer layer. Figure 14
shows the quality distribution by the scaled Jacobian metric for the example
mesh. The maximum scaled Jacobian is 1.000, the average is 0.981 and the
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Fig. 12. Shift of boundary hex types with consideration of physical boundary con-
ditions. The red (dash) lines represent the lines on the boundaries.

minimum scaled Jacobian is 0.174. Based on our observation, the hexahedral
with the lowest quality normally happens around graft loops and are sensitive
to the aspect ratio of the surface grid on base surfaces.

Figure 15 illustrates the boundary conditions automatically set up by the
meshing process. Since the FREESTREAM boundaries are named after the
feature names in the GA and WALL boundaries are associated to the spools
by the GA, users only need to provide numeric values for the boundary con-
ditions, such as pressure, temperature and velocity, before completing the
mesh setup. If the meshing process is coupled with other low-fidelity analysis
processes for the SAS, the whole meshing process could be fully automatic.

10 Conclusions and Future Work

In this paper, we have presented a systematic process of producing a quality
hex mesh for the turbomachinery SAS. Adaptive 3D boundary layer meshes
are automatically created and with the help of the GA physical boundary
conditions are also assigned to facilitate the mesh setup in an automated
manner. The whole process is automated from the geometry import to the
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Fig. 13. Sectional view of the hex mesh with a boundary layer mesh for the extracted
cavity.
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Fig. 14. Element quality distribution by the scaled Jacobian metric.
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Fig. 15. Illustration of boundary conditions automatically set up by the mesh
generator. The green patch represents the stationary walls, the blue represents the
walls rotating with the IP spool, the red represents free-stream boundaries and the
yellow represents the periodic boundaries.

mesh setup and requires minimum human interventions. It has the potential
to considerably reduce the time cost in meshing the SAS and hence meets
the need of rapid meshing within the design enviroment. Even though the
presented hex meshing algorithm is developed for the SAS, it can apply to
any 2.5D geometries.

One pitfall of the proposed hex meshing algorithm is that it requires the
mesh on the base surface having a sufficient density and reasonable aspect
ratio. If the sizes of a branch and the trunk are disparate, the algorithm
might produce low quality hexahedra around the graft loop. The future work
is to automatically detect such situation and conduct a local refinement on
the base surface to improve the local surface mesh density and aspect ratio.
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